A review is presented of recent experiments performed on the University of Iowa DC discharge dusty plasma device on various aspects of dust acoustic waves. A brief introduction to the physics of dusty plasmas and the dust acoustic wave is first presented. Three experiments are then described: (i) observation and interpretation of large amplitude (nonlinear) dust acoustic waves; (ii) evolution of large amplitude dust acoustic waves into shocks, and comparison to numerical shock solutions of the generalized hydrodynamic equations; and (iii) the spontaneous formation of stationary, stable dust structures in a moderately coupled dusty plasma (dust structurization).
Introduction
A dusty (complex) plasma is a multicomponent system consisting of electrons, ions, charged mesoscopic particles (dust grains), and neutral atoms or molecules [1, 2] . Interest in this 'unusual' state of matter stems from the ubiquity with which it is found in the laboratory, in space, and in astrophysics, such as: cometary tails, planetary rings, solar and planetary nebulae, the lower ionosphere (mesosphere), atmospheric lighting, and industrial plasma processing and nanomaterials fabrication devices [3] . In this introduction, we first provide some of the background 'basics' of dusty plasma physics, concentrating of the differences compared to non-dusty plasmas, followed by a summary of the physics of the fundamental wave mode of a dusty plasma -the dust acoustic wave [4] , which is the phenomenon underlying the topics of this paper.
Dusty plasma basics
In typical laboratory experiments, a dust particle acquires an electric charge by collecting electrons and ions from the plasma [5] . Since the speed of the electrons is typically much larger than that of the positive ions, the dust grain first collects electrons and charges to a negative potential, relative to the plasma, which impedes further electron collection and enhances ion collection. The net result is that the dust grain will have a negative charge. The surface potential (V s ) of the dust grain relative to the plasma is determined by the (floating) condition that in equilibrium the net current to the grain must be zero. The equilibrium charge on the dust grain, The size, mass, and charge of a typical micron-size dust grain in a laboratory plasma makes it susceptible to forces that are not usually important for non-dusty plasmas, such as the weight of the grain, m d g. Due to their non-negligible weight, dust grains must be levitated so they don't fall out of the plasma. Electrostatic fields usually provide the levitation force, as well as horizontal forces that confine the dust grains. For example, a dust grain of 1 micron diameter requires a modest levitation electric field E = m d g/Q d ~ 30 V/m. Thermophoretic forces [5] have also been used to levitate dust grains.
Another important force on dust grains is the ion drag force [5] . This is the force exerted on a dust grain due to its interaction with drifting ions. A dust grain absorbs momentum not only from ions that directly impact it, but also by ions making Coulomb collisions with it. The ion drag force is responsible for the formation of "voids" in dusty plasmas, regions where dust grains have been pushed out. Voids were first observed in dusty plasmas in the microgravity environment of the International Space Station [6] .
Physics of the dust acoustic wave
The dust acoustic (DA) wave is a low frequency, longitudinal wave characterized by propagating dust density compressions and rarefactions [4] . It is a sound wave propagating through the charged dust fluid, involving oscillations of the heavy dust grains. The interactions between the charged dust grains are mediated by the collective electric fields in the plasma. The existence of the DA wave was suggested almost 25 years ago by Padma Shukla at the First Capri
Workshop on Dusty Plasmas in 1989. The detailed analysis of this dust wave was worked out by Rao, Shukla and Yu a few months later [4] . Shukla's contribution was in treating the dust as a separate fluid component which could support electrostatic waves of such a low frequency that the inertia of both the electrons and ions could be ignored (Boltzmann response). An intriguing aspect of the dust acoustic wave is that, due to light scattering from the grains, the waves could be seen propagating through the dust suspension with the naked eye [7] .
The physics of the dust acoustic wave can be understood in its simplest form by assuming that the dust kinetic temperature is zero, so that the momentum equation for the dust in onedimension is . acoustic shock waves, just as the Euler equations have been shown to predict shocks in a neutral gas.
The dispersion relation for the dust acoustic wave is obtained by linearization of (1) through (6) . Equations (4) and (5) are linearized and combined to relate the dust acoustic wave potential,  1, to the first order dust density, n d1, as
where When the linearized dust momentum and continuity equations are combined with (7) we obtain, by elementary calculation, a wave equation for n d1
which provides the dispersion relation for non-dispersive dust acoustic waves
where   This is due to the fact that the dust acoustic wave is spontaneously excited by an ion-dust streaming instability [8] . Typical discharge plasmas contain drifting ions of sufficient speed for the instability to develop. The fluid theory of the dust acoustic wave has been modified to include collisions between the dust grains and neutrals, ion and electron neutral collisions, and a zero-order electric field that drives the ion drift [9] . As an illustration of the ion-dust streaming instability, Fig. 1 shows results from a numerical solution to the modified dispersion relation which takes into account the ion drift. In Fig. 1 (a) the real and imaginary parts of the wave frequency are shown as a function of the ion drift speed relative to the ion thermal speed. It is seen that for a typical set of parameters relevant to laboratory dusty plasmas, that instability develops,  i > 0, for relatively modest ion drifts, v id , with v id / v it ~ 1, where v it is the ion thermal speed. Fig. 1(b) shows that at high gas pressures, dust neutral collisions can quench the wave. As
we will see later in this paper, the dust acoustic wave is quite robust, and typically reaches high amplitudes with nonlinear characteristics. Observation of linear dust acoustic waves requires operation of the dusty plasma at high neutral pressures where the wave is heavily damped [10] , or special experimental configurations that allow the wave to be observed in the very early stages of the linear growth phase [11] .
A DC glow discharge dusty plasma device

Plasma production
All of the experiments described in this paper were performed in the device shown schematically in Fig. 2 . The device produced a DC glow discharge plasma in a large (60 cm diameter, 90 cm length) stainless-steel vacuum chamber. A 3.2 cm diameter disk, located on the axis of the device with its normal parallel to the axis, served as the anode for the gas discharge, while the grounded chamber walls served as the cathode. The evacuated chamber was filled with argon gas at pressures ~ 100-200 mtorr (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) , and a DC potential ~ 250  400 V was applied to the anode to produce a discharge, with resulting discharge currents in the range of a few to tens of mA (depending on the pressure and discharge voltage). A double Langmuir probe was used to measure the ion density (n i ) and electron temperature (T e ) , with n i ~ 10
and T e ~ 2  3 eV. The ion temperature was assumed to be equal to the temperature of the neutral gas, ~ 300 K. A magnetic field, typically, 0.003 T, directed along the axis of the device was applied to provide confinement for the electrons and to produce a relatively stable, axially extended, cylindrical plasma with a diameter close to that of the anode. The electric potential contours within the anode glow plasma contains both axial and radial electric field components ~ 100 500 V/m [12] . A list of the plasma parameters are collected in Table 1 .
Getting dust into a plasma
Although dust is ubiquitous in space and astrophysical plasmas, it must be put into laboratory plasmas in order to study it. One technique is to grow dust in the plasma. By incorporating chemically reactive gases into a plasma, plasma assisted chemical reactions occur which result in the formation of nanometer size dust. These then coagulate and coalesce into larger grains of micron size [13] . Typical ingredients for growing silica grains are argon, oxygen and silane.
Methane plasmas have been used to grow carbon dust. Although these methods work very well, the size of the grains depends on how long the process proceeds. Since most theoretical work in dusty plasmas has been done assuming the dust is spherical and all the same diameter, it makes experiment/theory comparisons easier if spherical monodisperse dust is used; however, it is not necessary to use monodisperse grains to form a dusty plasma. On the other hand, since space/astrophysical dusts are not likely to be spherical and monodisperse, experiments should be performed to investigate dusty plasmas having grains with various sizes and shapes [14] . The theoretical analysis of dusty plasmas with polydisperse grains becomes quite complicated, however, due to the distribution of grain charges and masses.
In our experiments, commercially fabricated dust grains of known sizes were used. The dust grains were placed on a floating horizontal metal tray located a few centimeters below the anode.
Roughly a few hundred grams of dust was spread on the tray. The dust was incorporated into the plasma when the discharge was ignited. The process requires some finesse on the part of the operator in making adjustments to the discharge current, gas pressure, and magnetic field until a well-formed stable suspension is achieved. The dust incorporation and trapping process has not been studied in detail, nor has any theoretical modeling been done. Present thinking is that the dust on the top of the pile becomes charged by the plasma during the discharge start-up and lifted up into the main plasma volume. The dust is confined within the anode glow by a combination of electric forces arising from the potential structure of the anode glow, and ion drag forces [15] .
The trapping of dust in the plasma is a self-regulating process-the plasma seems to limit the amount of dust that it can confine, and once this limit is reached, the trapping process ends, with no further indication of more dust being lifted into the plasma. The process lasts on the order of a few minutes, after which a relatively stable dust cloud is formed. Interestingly, a similar process is thought to lift dust off of the lunar regolith [16] .
The dust suspension is imaged using 532 nm light from a diode laser that is expanded using a cylindrical lens into a thin (~ mm thickness) sheet which illuminates a thin slice of the cloud.
The light scattered from the dust is imaged using a CMOS video camera (Photron Fastcam 1024 PCI) with a megapixel active area. Typically, the dust behavior is recorded at up to 1000 frames per second. The camera has a linear response to light intensity, so that the image intensity is directly proportional to the dust density. The dust parameters are listed in Table 1 .
Interactions between dust grains in a DC glow discharge dusty plasma
As mentioned previously, a dusty plasma is an unusual state of matter. This is due, in part, to the fact that the interactions between the dust grains (dust-dust) are relatively strong, while interactions between electrons and electrons, ions and ions, and electrons and ions are relatively weak. We say that the dust component is 'strongly coupled' while the plasma component is 'weakly coupled'. The degree of strong coupling of the dusty plasma dictates the type of theoretical analysis that is required to model its behavior. The coupling parameter, , the ratio of potential energy due to dust-dust interactions to the dust kinetic energy, is used to quantify the degree of interaction, and it is instructive to estimate its value for the typical laboratory dusty plasmas that are being discussed in this paper. The dust coupling parameter is given by
where   Table 1 ) we find that , 
Nonlinear dust acoustic waves
Experimental observations
A concise review of the basic theoretical and experimental work on the dust acoustic wave is contained in the introduction to ref. 18 . The dust acoustic waves were observed in the device shown in Fig. 2 . The waves appeared spontaneously when the dust suspension was formed. The intensity of the light scattered from the dust (proportional to the dust density) was recorded with the video camera, and a single frame image from the video is shown in Fig. 3(a) , where the wave fronts are seen as the bright vertical bands. The waves propagated from left to right in this image.
The intensity of the scattered light within the rectangle in Fig. 3(a) is shown in Fig. 3(b) (filled circles). In Fig. 3(b) the average dust density, , Fig. 3(c) .
The wave frequency was also obtained from the video and found to be 54 Hz, which together with the measured wave speed, yields a wavelength ~ 5 mm, which is consistent with the wavelength determined directly from the waveform shown in Fig. 3(b) .
It is of interest to compare the measured wave speed with estimates of the dust acoustic speed. If the thermal speed of the dust is included in the dust acoustic speed (9), then
is the dust thermal speed. As remarked earlier, the dust temperature was not measured; however, if reasonable estimates for the plasma and dust parameters are used, we find that the largest expected value for C da is about l5 cm/s. The inequality v ph > C da , is a further indication that the waves were nonlinear.
Discussion: second order dust acoustic wave theory
The non-sinusoidal dust acoustic waveforms shown in Fig. 3(b) cannot be explained using linear theory. The simplest approach is to start with the continuity and momentum equations for the dust fluid, and expand all the relevant quantities to second order [19] , to obtain a nonlinear dust acoustic wave equation for the second order dust density, n d2 2  2  22  22  2  2  1  1  2  2  2  2 1 ,
where,   It is interesting to point out that the paper of Rao, Shukla, and Yu [4] , which first predicted the existence of the (linear) dust acoustic wave, also contained the first nonlinear theory of finite amplitude dust acoustic waves, apparently anticipating the experimental observations of large amplitude dust density waves.
Dust acoustic shock waves
Shock waves form due to the steepening of large amplitude compressional waves. The formation of steady-state shocks requires dissipation, such as viscosity, to balance the tendency to steepen. As pointed out in Sec. 1.2, the fluid equations describing nonlinear dust acoustic perturbations are mathematically equivalent to the Euler equations for a neutral gas. (If viscosity were included, the dust fluid equations would then be identical to the Navier-Stokes equations.)
Since shocks occur in a gas, e. g., in a shock tube, it is reasonable to expect that shocks would form in a dusty plasma. This was first pointed out by David Montgomery for ion acoustic waves [20] . A dusty plasma affords the possibility of exploring shock dynamics in detail due to the ability to diagnose the dust grains at the single particle level. Apart from the inherent interest in shocks, they are of importance in astrophysical processes in the interstellar medium [21] . It has been suggested out that a dust acoustic shock propagating through a dust molecular cloud could trigger the condensation of dust leading to gravitational collapse [22] . Shock wave propagation in a dusty plasma under microgravity was studied by Samsonov et al. [23] .
Experiment
Dust acoustic shock waves were studied in the device shown in Fig. 2 , with one modification.
A 1 cm wide horizontal slit was placed a few centimeters in front of the anode. The slit was parallel to the anode and centered on the axis of the anode. The lateral extent of the slit was larger than the diameter of the anode. The slit was electrically floating, so the negative dust grains were excluded from its vicinity, producing a configuration of converging/diverging electric potential contours. A single frame video image of the dust cloud with the slit present is shown in Fig. 4 . Dust acoustic waves were spontaneously excited on the anode side of the slit, and were focused by the converging/diverging potentials to a smaller volume as they passed through the slit. This additional compression strengthened the waves, which then evolved into cylindrical shock waves as they propagated away from the slit. Spatial profiles of a dust acoustic shock wave taken along the axis at various times are shown in Fig. 5(a) . The pulse labeled as T = 0, (time normalized by pd  ) corresponds to an arbitrary time after it emerged from the slit. The shock steepened as it propagated, forming a classic saw tooth-like wave that is well-known from gas dynamics [24] . The shock thickness decreased as the shock evolved, and reached a minimum value of about 0.3 mm, which was on the order of the interparticle spacing. Further details of the experiment are given in [25] .
Discussion: theory of dust acoustic shock waves
A fully nonlinear theory of arbitrary-amplitude dust acoustic shock waves has been recently developed by Shukla and Eliasson [26] . Finally, we point out that the effect of strong correlations is not the only mechanism that has been considered to provide the dissipation necessary to from a stationary shock. The charge on a dust grain in a plasma may fluctuate due to wave motion which causes oscillations in the plasma currents. The coupling of fluctuating electrostatic fields and dust grains can lead to wave damping under certain conditions [27] . Dissipation related to the dust charge variation may play a role in the evolution of dust acoustic shocks.
Structure formation in a dusty plasma
To maintain a dusty plasma, electrons and ions that are collected by the grains must be replenished by an ionization source, rendering dusty plasmas inherently open systems. Such open, dissipative systems are known to exhibit self-organization and structure formation [28] .
Structure formation in dusty plasmas was first discussed theoretically by Morfill and Tsytovich in terms of an ionization instability [29] . The structure formation phenomenon of their theory is qualitatively similar to those of a Jeans instability for dusty plasmas, described by Pandey et al.
[30], which may be responsible for large scale cosmic structure formation.
Here we summarize laboratory observations of spontaneous dust structure formation observed in the dc glow discharge dusty plasma; further details are presented elsewhere [31] .
Experimental observations
The experiments were performed in the device shown in Fig. 2 . The experiments described here used spherical iron dust grains in the range of 1-4 m diameter, although the same phenomena was also observed using kaolin powder and hollow glass microspheres. The observations of dust structurization were made in dusty plasmas with higher plasma densities than those used in the experiments described in Sec. 3 and 4. Higher plasma densities were obtained by operating the plasma at higher discharge currents. This change had an unexpected and profound effect on the dust cloud configuration.
When the discharge current was < 10 mA, propagating dust acoustic waves were observed.
When the discharge current was increased above 16 mA, the dust cloud split into a primary cloud of high dust density close to the anode, and a secondary longer cloud of much lower dust density located farther from the anode. Dust density structures, regions of high dust density separated by regions of low dust density, appeared in the secondary could. A single frame image of the structured dust cloud is shown in Fig. 7(a) . In this image, the anode is on the right side, the denser (bright) primary cloud is just to the left of the anode, and the structured secondary cloud is to the left of the primary cloud. This image was taken using a 2 mm wide vertical sheet of laser light (532 nm) that passed through the center of the cloud. The structures were stationary and stable as shown in Fig. 7(b) , where 10 light intensity profiles, taken across the dashed line in Since glow discharges are sometimes striated, we checked to see if the structurization of the dust was related to potential structures that might be present in the plasma before the dust was added. With the dust removed, an emissive probe was used to measure the plasma potential along the axis of the anode. There was no evidence of striations or potential structures in the plasma; the potential decreased monotonically with distance from the anode. It appeared that the structurization was due to an intrinsic self-organization process occurring in the dusty plasma, as predicted by Morfill and Tsytovich [29.
Discussion: ionization instability, ion drag and polarization forces
Stationary dust structures were observed in the dc discharge dusty plasma when the discharge current (~ plasma density) was increased above a critical value. Below the critical discharge current, propagating dust acoustic waves were present, thus it is reasonable to hypothesize that the dust acoustic waves were precursors of the non-propagating dust density structures. There are two theoretical mechanisms that have been shown to produce growing, zero-frequency (nonpropagating) dust acoustic-like perturbations in a dusty plasma: (a) ionization instability with the ion drag force [32] , and (b) the polarization force [33] . We will discuss each of these separately.
Ionization and ion drag force
D'Angelo [32] included the effects of ionization and the ion drag force in a linear instability analysis of dust acoustic waves. He found that the dust acoustic waves were increasingly damped as the effect of the ion drag force increased up to some critical value of the drag coefficient.
However, when the ion drag was increased above this critical value, there was a transition from a propagating dust acoustic wave to a non-propagating zero frequency growing perturbation. The appearance of a stationary perturbation was explained (see Fig. 7 of ref. 32) by the fact that in a dust acoustic wave the electron density perturbation is in phase with the potential perturbation, whereas the ion and dust density perturbations are both out of phase with it. If a spontaneous perturbation causes the dust density to decrease in some region, the potential in that region and the electron density increase. Since the ionization rate depends upon the electron density, this causes the plasma density in the region to increase further. Due to the higher potential, the newly formed ions move out of this region, causing additional outward drag on the dust, thus resulting in instability.
Effect of the polarization force
The effect of the polarization force on dust acoustic waves was analyzed by Khrapak et al. [33] . The total force acting on a dust grain in a non-uniform plasma in an external electric field
where  D is the linearized Debye length defined earlier [34] .
The first term is the usual electric force while the second term is due to plasma polarization around the grain. In electron-ion plasmas, the second term is usually negligible, but in a dusty plasma this term can be significant due to the large dust charge. Khrapak et al [33] included the polarization force term in the fluid momentum equation for the dust grains, and derived a modified dust acoustic dispersion relation, which in the long wavelength limit can be written as Note that both models were based on the linearized fluid equations, so neither can predict what the final state of the respective processes would be. The structurization instability discussed by Morfill and Tsytovich [29] , includes the effects of ionization and ion drag forces as well as dust charge variation, but does not include the polarization force. Detailed comparisons of the results of both models (a) and (b) with the experiment were discussed in [31] .
Summary and concluding remarks
This paper has presented a review of recent experiments performed on the University of Iowa DC discharge dusty plasma device. The experiments discussed here had in common the spontaneous excitation of low-frequency dust acoustic waves. The experiments were performed with dust in the "moderately coupled," ~1  state, which is usually referred to as the liquid state.
The major findings of these experiments are summarized as follows:
(1) Large amplitude (non-linear) dust acoustic waves were typically observed in a DC glow discharge dusty plasma device. The waves are very likely driven by an ion-dust streaming instability. A generic feature of these waves is their non-sinusoidal waveforms having sharply peaked wave crests and flat wave troughs. This characteristic could be accounted for, qualitatively, in terms of a second-order wave theory. By extending the analysis to second order, an inhomogeneous wave equation was obtained whose solution contained a sum of first and second harmonic waves that provided a reasonable fit to the measured waveforms. Carrying out the perturbation analysis to second order led, not only to quantitative corrections to the first order quantities, but added new effects not accounted for in a linear wave analysis. Second-order wave theories are often used to model large amplitude deep ocean waves (Stokes' waves) [35] and nonlinear sound waves [36] .
(2) A slit placed in front of the anode of the DC discharge device was used to create a converging-diverging nozzle configuration that produced large amplitude dust acoustic waves that evolved into dust acoustic shocks. Steepening of the dust acoustic perturbations was observed as the pulses propagated downstream. The shocks developed into nearly timestationary structures with a thickness approaching the interparticle spacing. The observed shock characteristics were compared to numerical shock solutions of the fully non-linear generalized dust hydrodynamic equations for arbitrary amplitude perturbations. This model included strong coupling effects, dust-neutral collisions, and bulk and shear viscosities. The model calculations agreed remarkably well with the experimental observations.
(3) Structurization of a dust cloud was observed when the dusty plasma was operated at much higher plasma densities than in either experiments (1) or (2) above. When the plasma density was increased beyond a critical point, a significant change in the topology of the dust cloud occurred. A spontaneous transition from propagating dust acoustic waves to non-propagating, stable, spatially periodic dust density structures was observed. This phenomenon was discussed in terms of two instability mechanisms, one based on ionization and ion drag forces and the other on the polarization force, both predicting the growth of non-propagating, growing dust density perturbations.
As pointed out in the introduction, it has been nearly 25 years since Padma Shukla first predicted the existence of the dust acoustic wave. This has inspired an enormous amount of subsequent theoretical work as well as many experimental studies of this fundamental dusty plasma wave. Several papers continue to appear each month reporting on various aspects of the dust acoustic wave.
In January 2013, NASA plans to launch the LADEE (Lunar Atmosphere and Dust Environment Explorer) mission to the moon [37] . One of the purposes of this mission is to study the nature of the dust lofted above the lunar surface and reported by the Apollo astronauts as "moon clouds" [38] . It is conceivable that dust acoustic waves could be observed, in situ, in the moon clouds.
The continued interest in the dust acoustic wave is due in part to the ease with which it can be excited and studied in the laboratory. From a fundamental point of view, however, the dust acoustic waves and shocks may be important as a possible mechanism for triggering dust grain condensation and structurization in planet and star formation regions. 
